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I’t]c Grssini  StCllilr Rcfc.rcnce  Unit (SRU) is the prinm rrtlitu(tc dc(crlllinrrtion scnsm on the C%ssini  spacecraft. 1( must
opcra[c  continuously and reliably durin~ both the mrisc  and the Saturnian tour pbascs of the rllissicrn. in fact, accurxcy
rcquircr[lcats aw :Iiost critical toward the cad of the nlission, Ltulillg the four years of scientific ch,ervations  at Saturn.

‘lo ensure that the SRLJ will operate within specification fo) tile entire Illission, at) cxtcnsivc test Jmg,ianl  has been
Undc[ Iaken to charlictcrizc d lc SRU Pcrforl]lance  prior [0 launch and tcl quantify any cxpcctcd  pcrfmilancc  dcgr adatiorr.  I-Lcsults
f[mll sc.vcml  conlplinlcnt:uy  test prog[an]s arc prcscn(cd  and cornparcd  with prc-test pcrfonwrncc.  predictions. Additionally, a
urlique approacl] is dcscribcd  for enabling closed-loop testing of t}le SRLJ with the other ctcnlcats of the. Cassini  At[itudc. ,and
Articulation Control Subsystc]]] (AACS)  when no oJ)tical sti]llulation  is available.
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1. IN’1”RO1)UC’I’1ON

“J’hc Stellar Rcfcrcncc l.Jnit is a CCI)  based star tracker which, wi[h its associated software, will prcrvidc  autonorllous  slnr
idcntificrrticm ovc.r the full sky. I)uring llluch of the Gssini  lrlissicm, the SRLJ  will be ttlc single source of rr[[itude
infornmtion.  ‘1’hrec-axis  spacecraft attitude rcfcrcmcc  will bc dctcrlllincd by frcqrcnt  Illcasurcnlcnts  of up to five. sta[s in tl]c
SRLJ field of view allowing the Inertial Rcfcrcncc llnits (II<US)  to bc I,owc.re.cl  off during the cruise phase of the flight.

C) fficine  Galileo (W) Ilas been responsible for the detailed dcsi~n, assembly and test of the SRI.J brrrdw,arc using ilight-
qualificci WI )s provided by .JPI,. IXrring  flight, the cqlcration  of the redundant SRUS is unclcr  control of the AACS l’light
Colnputcr (AIQ and JPI, developed star idcntifrcation  and tracking software. J}’], also has tile responsibility for  integrating
the SRIJ Imdwarc and software within tlm Cassini AACS.  Consequently, pcrforl[lancc tcstins has been a combination of
dcvicc ICVC1 tests of the CCD conducted at J1’1,, SRLJ assc]nb]y  lCVC1 tests at (Xi using a star simulator and sky tests of the
S1<(1 J!nginccring hlodcl  (}iM) at JPI ,’s ‘1’able Mountain observatory (’l”MC)).

2 .  S}{(J OVIC1tVI1tW

“1’hc SRLJ, s}lowa in l~ig. 1, consists of a numbc.r of m:~or clcmcnts. It contains a
set of rcfr active optics, produced ft on] radiation })ard glass (Schott) and a ]<crnotc  ‘1’crlr~inal
Input/Output LJnit (K1’lC)U) interface board for rcceivinp,  corllrnands fron) and ploviding
tclcrnctry  and status data to tile. AI’C~. SRLJ contlol  logic, irllplc.r[]cntcd  irl n c u s t o m
ASIC,  iotcl }mts colllnmrrds rcccivcd  through the R’J’JC)LJ  and provides tllc  ]Icccssary  clock
signals to drive tbc WI> and also monitors and controls the 03> tcrnpcruturc. Othcr
clclncnts of ttm SRU include a IW/IX convener, a higt) speed serial intctfncc for
trmlsmitting  cligitizcd pixel ciata irlto A1;C ]ncmory  and a test intc.rfacc  callc.d (IIC lrlmgc
Iinlulatiorl  lJnit  (l[{[J) intcrfacc. lrl addition, the SR[J has a radirrtor for cooling tllc WI)
to within its nominal o[)crtltirlg tcl[l[)c[aturc (-35 25 ‘C) and a baffle. fot attcnltaling
signals and background li~ht fronl  bright sources outsiclc tllc. stray light  IT)V.



‘1’tm SR(J utilims a 1024 x 1024, 3-phase, frc)rltsidc-ill  t)[]liljatcd  CKl) with n 12 pit) pixel sire. ‘I”t Ic C(:1 ) can bc clocked
in Multi-l) inncd IWrsc (M I’1’) Iuodc for d,ark curjcn[ suppression aIId in anti-blomning  mode fc)r tracking with Iargc ohjmts
(SUC1l as Saturl[) m vc~y  bright stars in the }’C)V. l;ivc .sKrrs can bc tracked silllul(ancously  with vari:ihlc window sizes Wrd
intcgl-alioa til[lcs. Orr-ct)il) charge summing, or pixel sunln)ation, can also bc col]mmrdcd when tracking at tligh rates or
wllcn fast acquisition is required, hut itnagc rcsolu[ion is less critical.

(’OIIIIJIC(C dcscliptions of (he key dcsisn ccrnsidcrations  and sys[c.m  trade-offs, as WCII as details of tbc SRLJ  tmdwarc
irtll)lcl]]crjta(iol~ have. been ~mblisllcd previously ‘2. ‘1’ahlc 1 provides a sur[lrllary of the kcy rccluircrmrrts and charactcris[ics of
tllc  SRU.

‘f’able 1. SRLJ I’clfor]wurcc  RcquitcI1lcllts and Characteristics

v
PARAMIi3’Iilt R} QLJIIWM1 [N’1’

Accuracy, M, pcr axis 65 pract ( 1 star)
1 mracl twist (2 stars)-—.—

Sky (k)vcragc >99.5%. ..-. .—
Sensitivity &b>6
Iiffc.ctivc  s[ar kmpcraturc  range

—
2500 to 10(X3O K——.  . ----

Nunlbcr of stars hacked LJp to 5
l;ramc rate (cornmanctablc)

—-.
2-4 11/, (typical)

Pixel output data format
----

12 hit———
1’C)V — 150 (full cone an~lc)—.—— - ” .
Spectral bandwidth 550 [0 770 nrn (50% banclpass).—
O[]tical  coatings l)ichmic and anti-reflection
Strayli~}lt  F’OV 600 (full crmc ansjc)—.
Sun exposure ~rninutcs  at any angle, 0.6 -TO ALJ
Mass

—
< IOkg“F-.

Power < 1 2 W—c
IJifctililc

—-----
12 years in space., 2.5 years grouncl tcstin~

3. TNST API’ROACII  A N D  R}HIJI.TS

‘J’IIc ])! occss  of charactcriz,ing  tbc cxpcctcd  performance of the SKU began with dcvicc lCVCI tests of (hc SRI]  CTI)S.
lnfornnation frcml [bcsc  tests was dlcr) USCCI  by Officir~c Galileo in flnaliz,ing the design of the SRLJ, inducting selection of
the apl~l o[)r ia[c WI) operating tcll~pe.rahrrc$ dctcrnlination of tllc. required amount of radia[ion shit.lcting and sclccticm of the
ol)tilnutli  dcvicc operating voltages. Officinc  C]alilc.o then hilt at) cr]ginccring rlmdcl (l~M) fo]lowcd by ttmcc flight nmdcl
SRLJS. ‘J”]]c ] IM was jnitial]y (cstc.d I)y OG using a star sinllllato[,  hut was evcn[ually dc]ivcttxl  [O J]’], for real sky tcsls.
1’1 cvious cxpcr icncc has shown that thcr-c.  is no substitute for real stars in testing out tl~c capability of n star trackerr. in this
circurlls[ancc,  it was also the first  opportunity to opcra[c  a flight-  like S1{LJ  witli tt~c actual  Cassini slar identification and
Irackillg  al~orilhnls. ‘J’IIc following sections dcscribc  (hcsc three intct-related ICS[ progralns which ul[illmtc.]y  led to tllc
clclivcr-y  of fligtlt SRLJS which arc cxpc.cted to mc.c.t or cxcccd mission lcquirclncnts.

3 . 1  [;{11) IScrformancc ICvaluution

‘1’wo g,c.ncral  lypcs of CKI)-ICVC1 evaluation were accolnplishc.d. l;irst,  clualificalion  tests of sanlplc  parts front Ihc fliglit
]ol W’CIC  conducted to verify that the dcviccs would function witlli[l spccifica~ion during and after CXpOSUIC to the cxlxctcd
Iaunctl arid flight cnviromncnts. Vibration and the.r lual c.yc.tin~, of (X!l>s in fligl~t packages had no effect on their
I)crfol Ilmcc. I1OWCVCI, the natural sl]occ  radiation crlvironlllcnt  and ttlc raciia[ion  gcllcrittcd by the. 1{’I’Gs carried on-board Il)c.
slmcc.c[aft  car] cause. si~,nificar[t pcr-for[nancc  dcgraclatiorl  of ti]c CK:I), so cxtcnsivc radiation tcstirlg was also Jmrforn~cd.  Next,
dclai Ic4i dcvicc calibration tests of tllc  flight c.andidatc CTI)S were ll~cticulously undertaken to assess lhc unic]uc o~m atirr~
ct]altlctcristics of cacll individual par[.

SaIIIl~lc dc.vices fro]]) tllc  ftigh{  lot wc.rc cxlmscd to 6 krad (Si) total radiation ctosc, which is three till~cs thc dose cx1tctccl
to bc rcccivcd during the mission. ‘l”hc radiation tcs[s included g:irmlla radiation ant] protons. ‘1’llc effects of the mlia[ion  on
clmrgc t[ansfcr c. fficicncy  (C’1’}i), dark cur-rent sl)ikcs arid dark curlc.tlt r}on-llrlif[jrllli[y, clark cullcnt  noise and ftat bard shift
wcru lhcn cvalualcd. In sununary:



(1)

(?)

(3)

(4)

C.’ll i dcgl ackrtion, wbilc  sliglitly higher than cxpeuiccl  for IIIC SRU dcviccs, can, if nc.ccssaiy,  bc coln~)cnsatcci  for in
(tic ffigllt soflwarc  and so is acceptable for this al~plictition.
l;lat  hand shift, which can cause a dcmme  in pixel full WCII and an incrcasc  in dark curlcnt generation, was
lmgli~iblc.
Ihk curlc.nt spihs affcclcd approxilllately  0.02% of the dcvicc which is negligible wllcn compared to the. 99.5% sky
covcragc rcquircmcn[ for the SRLJ. I)ar-k current ncm-uniforrnity  also only affcctcct a srndl  prxlion  (appl oxirorrtcly
2%) of the 03) and was readily absorbed within ttm SRU distoltirm  erl-or budget.
‘the rllcan dark cur-rent rate increase was less than that assurlmt in developing the ptmtomctric  budget so the cnd-of-
life noise equivalent angle (NiiA) is cxpcctc.rl to bc within [Ilc require.d sp;ci~catio~.

l;ligllt cnndidatc parls, w]lich  llacl successfully coII@ctcrl initial scrccning and bunl-in,  were then subjected to a Imttcry of
tests to fully characterize their pc.rfommcc  and to provide sufficicrit  drrta for selection of the actual devices to be installed in
the flight hardware. l~irst,  image maps were made to locate any cosrmtic  problcrns,  such as dust or otbcr particles Iocatc.cl on
the itllaging  surface. I listogranls  were rlladc of the particle types,  sires and pcrccnt  ligl~t obscuration. Next, a scr ics of tests
were run to dctcmline  dlc set of operating voltages that optillliTcd  C3’F,, full well,  linearity ancl read noise in each operating
nlrsdc (MI’P,  partially inverted and anti-blool[]ing).  Once the.sc voltages were dctcrrl]inccl,  full WC]], ]incarity,  pixel summing
and dark current mcasurc]ncnts  were taken using ttmc baseline operating paraulctcrs. Additionally, a hot pixel rllap was
gcrlc)ated and tests to invcs[igate tt]c ctcvicc  response [c) point source (star-like) illurllination  were concluctcd.  Othc.r tests, such
as quan[uln cfflcicncy  and residual  irlragc tests, were pcrforincd using sam[dc parts from tlm SRLJ  Io(, but not on each
individual (20). IJig. 2 is an example plot prodrrccd  during the CXH) cbaractcrimtiorl  process stlowirrg full well n~cnwaed as
a furlct ion of positive I)arallcl clock voltage.
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1 )ctrrilcd dewicc. ct)aractcrization was lxr forlncd using the SRIJ clock wave. forlll.s  with  (I)c detector cooled  to SRLJ
o])cr’sting Ieml]]craturcs. All [hc irnagcs, plots ancl  other rc]cvant data co]lectcd  during the tests have been sk)rcd on tape WK]
will bc mchivc.d  on CYJ-ROM for future rcfmcncc.

3 . 2  }Dcrfor-mnncc  Vcrificatiou llsing a  S t a r  Siruulator

‘Jhc SRI-J pcr for mancc has been e.xtcnsivc.fy tested using a star sirliulator  to verify (IIc. acllicvablc OCCUI ncy usirlg dif[crcnt
stal clmscs and under diffcrc,nt crlviror)rncntal  conditions (vibration and tcmpcratulc). ]n ttlis section, tllc  test set-up used for
I)cr (OI ]Ilatm evaluation in the ]atloratory is dcscribcd and ttlc r[lcaw[~,d  pcr for [[tancc is rcl)ortccl and co[llImrcd with predicted
rc.suits.

3.2.1 AS’1’ILA “1’cst S a l - u p

‘J’IIc pet for-l nancc tests were condrrctcd at [)fficinc Galileo using the AS’IRA  test facility. ‘Illis systc[ll  is conlposcd of a
star- sirllulalor  and a two axis rotatirig, table. “l’tic ulain systclli ctlaraclclistics  ale.:



Star silIlula[or:
● Off axis patabolic Inirl or, focal Icngth 2500 n]llt,  Iligh stability light source
● IlcaIt]  dianlc.tc,r 250 l]ln~, collinl  ation <3 mcscc
● l;iltcl-  wheels, for lmth neutral density ancl colored filtcts,  [o sinlula(c different star magnitudes and cotors
● Null}bc] of stars generate.(i: i

Rotnting tai~le:
● Resolution: 0.36 arcscc
● Accuracy (caiibratcd) over f 8 cicgrccs:  f 0.6 arcscc  (worst case)
● Rc.pcalabilit y: O, 1 arcscc (short tcrln)
● Caimbi iity to support a thcnaal cl)artlbcr with -60 ‘C to + 90 O(! terl Ipc.rat urc rarrgc

Iligil acmacy  positioning of tile tabie is achicvcd by nmans of a lascl interferometer systc.tll  usrxi to criiihlatc. (tm raw
m I m of tllc rotating tab]c. l“hc star sililuiator  anti the rotating tabic  ale nlountcd on a cm~clctc bascdocllt  all(i insulatcci  frolji
(hc gIound witlj a vibration isolation systcml  which incrcascs  ttlc s(ability  of the nmasulcmcats. I)urinr,  ciata acquisition, tim
tc.st clmlllbcr  is Ilmintaincci in ctalkncss  whiic  the rotating tabic nmvcmcnts  anti SRLJ  conlr]lanriing and cia(a iwoccssing ax
i}c.I forllwxi via remote computer  controi.

~’his [e.st set up has bccrr used cxtcnsivciy  by ofhcinc Ckriiico to verify the accumy  of tile Inftarcli Space. Wrsc.rvatcwy
(1S0), Solar and l]ciiosidlcric observatory (SOHO) anti Satcliite  Ast[onol]lia  X-ray (SAX) star trackers. ‘1’llcSe star trilCktY’S
i~avc. aii frown successfully. l~ata coliectcd in-flight has shown that the accuracy of tim trackers was witt]in  0,15 arcse.c  of the
cxi)cctc(i accuracy based on pre-flip,ht, star simuiator  nwmmnwnts.

]hting tc.sts of the SRLJ, cooling of the CCI)  is acl~icved by Icll,oving  tlm fiigtlt raciiatm an(i connecting the cn(i of the
timl ll~ai stl ail to a Support Coid Piatc (SW). ‘1’hc SC}’ is coolc(i by a Iiw.rll]oclcctric  cooling (’1’IT)  systcn]. q’o prcvcmt
frosting of cooic(i par[s, the SRLJ, the SCP and the ‘1’HC arc piaceci  within in a vacuu])l cmtaincr  w]lich  is tllcn Illountc(i on
li)c ro(alit]~ table. ‘J’hc vacuum Container is provicicd with a quartz,  Will(iow [o ailow  ~rl(i~a]  stimulation of tim unit Urrcicl”  test.
‘1’his Collflguration  has the arivantagc that CICH) cooling is acllicvcxi  without moving parls. Vibrations intmctuccci  by tile
]Ilovc.lncllt  of ti~c iiquid  flowing in ti~c ‘1’IiC. heat sink alcr. absorbcci by tbc mass of ttlc vacuulll  container, aiiowing  higl]
stability of tim C’CI) during  ciata acquisition. N40rcovcr, tile. optics is under vacoulll , so no air to vacuu III compensation is
nccxlccl ill ttw s[aI sill) ulator  optical path.

A sclmrllatic  of tile. SKU  configuration inside ti]c vacurnn container is shown in }Jig. 3. ‘1’hc.  entire vacuum container can
aiso bc. covcrc(i by a tt]crjllai  chamber to verify nlcasurct[wmt  accuracy over tmllpcrature..
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3.2.2 Accuracy ‘J’cst Procedures

‘J’t)c  accuracy IImasurclncnts arc mwic (0 verify:

~cl~tlc}iclit~gc.ric~r (lligll spatial frc.clue.l~cy bias erl(~r) S28 prad, 30
Gconlclric  distorlirm  (low s]m[ial frequency bias error) S35prad,  30
Noise licluivalent  Arrglc (NliA) s 47mK!,-3Q

‘1’ohl accuracy (RSS of thrc.c con)poncrrts) S65prad,  %r

L;eJ]trcli(lil!g__c~~u - Sinccthc rcquircd  accuracy, 28prad,  is lCSS tllarlttlc dist:lr~cctllat apixcl subtends (approxinlrrtcly  266
~lmd), tlw star spot is iotcntiooally  s~~rcacl ovc[scvcfillpix c.ls to allow intell,olation  ofthc star position to suhpixct level.
“I’llcilltcr~)olatiO1  ~clroristt~c ciiffcrcncc  bctwccn the mcasurccl  ccntroid posi[ion and a straight line transfer function across  a
l)ixc]doniain.  Apl()tc~f tllcccntroic\  crrorwoul{l prodtlcc  atyl)ical  `` S''curvc.  3’11cccntrc)iclillgc [-rcJris  clcpmdc.r)t  on the spot
stiapc,  and tlmrcfolc  011 ilIc}I’OV position. Thcccntroidinger  roris obtaincci  by nlovingthcstar across a pixel with 1/30 of a
l]ixclstclJ,a  llclcc)]t~lJL1tir~gt llcstarldardd  cviatior~o  fttlc~llcasLlrcdcr lc)tsat  c:icllof  thc.3Opc)sitic)ns.  ~’hisrrpclation  is mpcatcd
scvcral titilcs  atdiffc.rc.nt points onthc  IOV (32, to 64 dcpcn(iing  on the test p}lasc). ‘1’hc worst stand,ard dc.viation  ovcrthc
1 K)V dctincs the ccntroid crl or.

]JiWol!ic)ll_.c,r!or  - “J’hcdistorticrrrof  the optics causcsthc true. angular position of the star in the l~C)V to bc slliftcd when
lllaIJpcd tothc CKl). ‘J’hc. distortion crloris (hcdiffcrcncc  bctwccn the true star position and thcn~casurc. r[mrlt, I;c)r the SRLJ,
t}lctlrlcnti~~r:ttc(l distortion  crr{)ri s()r~tlIco  rdcrof]  t]rii(ls,t j)crcf()rc  a ]argc cor~cction  is rcc]uircd to reduce the rcsidrral  error to
within tt]c required 35 prad. Calibration residual is the RSS of [hc diffc.rcrmbctwcc.n  the. n~can values of the intcrl)olatioo
cr[ols  (OVCJ nJ>ixc.]  asdc.scr-itred  atmvc)andthcactuai  sourccpositioll.

~1.!~ - ‘I’hc N1iA is tlmunccrtaintyin  position cal)sed  t)ytcllII>or~il rarlcioI1lr~css oftt\coutpllt  digital signal duc to signal,
backglounri  and clal-k cur[cnt shot noise, detector readout and video  alllplificr  noise. ‘JhcNI;  A is found by taking the standard
cicvi:tticJll  ofala]gc. r~u]l]bcrc JflllcasurclllcntsI) crforl]lcdat aflxe.d starprrsition. “I’he. N1iAisa fLlrlcti(~r~ of tlm signal-to-noise
mtio, and lhc.rcfol”c  oftt]cstar b]-igiltnc.ss. Ni;Aalcasu]crllcnts  aremirdcat  scvcra] ]ocations across the 11’C)V and forscvcral
cffcctivc. star Icrnpcraturcs.  l’hc worst va]ucof []lc NliAlllcasurcr] lcrllis uscd[osatisfy  t}}crcql]irc]llcnt,

3 . 2 . 3  l’CSt  }{cstllts

]rlttlc tirl!cfr:irllc ofttlc~assirli ~)rograrll,  t}lrccflig[~t  ]llo(ici  S~(Jswcrc  lllanllfactt)rcd  a]ldtcstcci. ‘I’hc first nlodcl, l; Ml,
was used lorlm)tofiight level cnvircmIIlcntal  tcstin~ and will bc Lmcl rrstl)c flight spare. ‘1’hc s[ar spot produced on this nlodc]
issligiltly ciiffcrcnt  fromthat obtai]lcd w'itt]ti~c scco]~d  ancitllird  flig~lt ]l)odcls( I: M2arlci]  iM~)clLlct  oaslig}ltiyd if fcrcnt focal
]cr~gtll ac]licvcd clllrirlg  fir~ti] assc]r~[>ly.  Ar~opti~lliz.cd  fc)callcrl~:tl~  was used cm the Irrtc.r JIIOCICIS  hascd on the. test cxl~rmrme
witl~l(M1.  'l'l]c  I]c.lfc)rlllallccr c.sLlltsd  c.scrihclb  clowarcfrc)r1]  l!lcastllcll!cnts  Jliadcc)n};M2  arldl;M3.

'J"llcir][c.r[) c)latic)rl crIorrl~casu[crllcrlts  sllowrcd tllattllc  ccntrc)i(liriSc rlc)ris20) (r~~d(3o) wlwm operating with a6.()  visual
]Ilagnitudc., GO star and the CIH) cooled to -20 ‘C ‘J’his Crlo]  bcconlcs  15.5  prad (kr) w h e n  opcraling wittl rc41  stars
(l)r~J(lllcirlFa  Jli811crsi grlal)ar ldis23.511  r:lcl(30)wi tllbl~lcsta rs(l)lc~itlcingalo  w1crsig,rlat).  ‘l”hccxpcctcd  ccntroidin~cllor,
relevant to l)cgirlllir~g-c~f-life conditions, was S 25 prad (30). ‘J”his accrnt~cyrcrllains unchanged aftcrmndm[l  vibratiorl  (10
~, Ill\s)aIIciovcr  l}~cc,l~lics  tc]i~J)crattlre.  r:ingcof -]5to+~5c'{1. ‘I’c.sts I)crforlllcdorl  IiMl, ttm protofiig]lt JIIodc.], showed vcr”y
lli~,t] st:lt)ility  cvcnf()r  (Jl)tics tcrll[~craturcsr ar]girlgf ror1l-35to+ 550(:.

‘J’l]c. cx~rcctcd inc]casc.  of the. cc.rltloiding  cnorat cnd-of-lifcis 3 pr:ai (due.to illcrc.asing (iwk current an(i reciuctic)ll  of
o~~ticai tralmnission).  I’hc]cforc,t  iicrcsuitsi  nciicatct  hat  the 28pradaccur:icy  rcc]uirclncnt  wili bcaiwaysnlct,

‘1’llc. II)ost ct~aiicnging  activity rciatcd  to pcr-frrrmancc  verification was the calibration c]f tile optics ciistmt  ion. An
a])propliatc polyncnlliai  function of two variables was cicfmc{i  ciuling, ttlc Cicsign ptlasc  an(i its accc.~]trrbiiity for ccmc.ctin! (IIc.
distmt ion cllor  has been verified during tlm test phase. I;ig.  4 shows ltlc caiihration function to bc al~ldic(i for tile h
comdinatcof  the twoaxcs. A si]niiar  function is obtaincdfortilc  v-axis. ‘I’hcuncalibra[c(i  crtor, which is on the or(icrof
Jlll:l(iS,  is rcciaccci  to30)lraci (3 CJ)aftcr  tilccorrcctiorl  function isafqjlic(i. ‘I’hissiloulci  rernaincsscntialiy  unchangcciat  cr](i-of-
life. 'l"i~cc xi,cctccirc.  si(iLlalcrl  c)raftcrcal it~r:ltiorlwas 27}lrfi(i(30).



‘1’IIc residual mor also rcll~:iil~eduncl~al]gcd  after vihriition  trIId pymshock  tcs[s, clcltlonstratirrg a very goocl mcclmnical
siahility  ofthc optical assembly. Additicmal tests \vcrcl~crforI1lccl to verify calihri~tion capability when ml and blue stars  ~arc
uscd(diffcrcnt  ctuoinn[ic  effects induccd  hy[lm optics). A Iawfdcscribir)g  the focal lcng(}l variatic)l)s  verslls st:lrcolc~rllas hccn
validatcxl, dclllO1lstli]tiIigtt)at  tllc 30prad  accuracycaa  bcmaintaincd in the rvquircd star s[)cc[[ill range. Iiinally, pcrfo; lnirncc.
tcsls, wi[litllc SJ~LJ1llai~ltzii  nc[la[various tc.lt~l)craturcs, were used to ca]ihratc focal  ]cngtl) versus optics tC.tlll)CratLII’C  and to
vclifycrl  ors[ahility  ovcrthc  opcra{irrg [clIlpmtture  rangy.  Results c)f the the.rllml tc.sts showc.d that once t}~c focal lc.][gtil is
ccnlcctcd fortcmpcraturc,  tt~crcsidual distortion crl-orrci~lains u1~changccl.

IkM cachflighl SKLJ, asc.tof distortion  calil]ratiorI  palal]~ctcrs  alldstarcc)lol  and optics tclllpcr:ltltre  dc.[wl~clc.r)t  pariiltlctcrs
for f(~callcligtl~  cc)rlectiol], arcdelivcrcd.  Uscoft}lcsc  palatllctcrs itlflig}lt will allow~tttc SRLJtoactlicvc  tllcsal~~c  acctlr:lcy  as
]I]casufcd  using the star simulator.
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Anotl]cr  interesting way to charactc.rizc the. bias c.rror is shown in l:ig.  5. In this case., the. ~lobal bias cl for(cc.ntmiding
l]llts{listc)ttiorl)  i1195%,o  fttlcll]castl[cll  lcrltsst lowcdan crlorra llgirlfit) ctw~ccrl-3.5arcsec  (-17.5 Llrid)and-1 5.5 arcsec (27.5
~llad). 'l`llcrll;xillllllll cr[orfollrlcl was7.2arcscc  (36\(racl). ‘“ ‘
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1 ‘iE. 6 rcpor[s the cxpcctcd  and measured N1 iA.  As can bc sec.n froll~ this figure, thcl-c is a good aglccmcnt  bctwccn
c.xpc.rinmntal  and thmrctical  data for high signal Icvcl. A (Jiffcrcncc of abou[ 7 ~trad (3 sigma) is present at lower signals. In
my case, it must bc considered that the NliA nlcasurcmcnt  is also affcctcd  by tbc set up stability dol-ing  the data acquisition.
‘1’hc rotrtting {able smbili[y  during acquisition is twice the cnmlcr  resolution (that is 4 pract). l’his additional SC( up noise is
intloduccd  in the inshumcnt  Nl~A mcasurcmcnt.
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3.3 S1{11 ]ltlginccr-ing Model S k y  I’csts

“1’csts pc~frmne<i  with stnr simulatol-s and precision positiming equipment arc useful fot- clctc[IIlining  tlIc. ahsolutc
Illcasurc]ncat accuracy and stability of tbc SRU camera assembly. “J’O  make tbcsc rncasure.lncnts  at multiple wavclcagtlls  over
tbc range of signal lCVCIS rcprcscnting the different classes of stars used during fligbl, the star silllulator  cTIIploys  a nombcr  of
sl)cctral and neutral density filters. }Iowcvcr,  since tllc lwrfo~lnancc of ttlcse.  filters is not s.ufficicnt to re[)toducc. the actual
ol)tical raciiation from tt]c various star classes, it is difficult or CVCII  in]possiblc to Irlakc. accurate photometry lncasurcmcnts
with the slar simulator. ‘J’o measure the pbotonlctric  Pcrforlnance  of tllc SRLJ with real star signals the IiM was taken to
J1’I ,’s ‘1’ab]c Mountain  obscrvator-y  (’l”MC)) from Sept. 24 to Sept. 30, 1995.

~1’he.  distortions inherent in the SRU optical systcu[, such as distor[irm as a function of position in the Jiclcl of view,
ct]tolnatic  distortion duc to diffcmrt star spectral classes, and cllangcs  in focal Icng[tl from the]-lllrrl ctlangcs  of the optical
bar!c] arc calculated frotn mcasurcnlcnts made with the AS1’RA star silliulator  as described above. “1’bcsc calibration
pal amctcrs arc ttlcn used in the Cassini flight software to cot[cct  for tllc SRLJ gconlctric distortion, I’bc  ‘l” MC) sky ciata was
used to vclify that the calculated calihation  palamcte.ls  Illatchcd the actual optical pcrformncc  of the. SRU. la addition, the
‘l”M()  tests with the. SRLJ  I;M provided an oppo~[unity to test tlic star identification and star trackins  algorithnis  used in tllc
AACX  fli~ht software.

‘J’all]c hfountaio  C)bscrvatory  b:is been used as a test site fc)r J] ’I, star trackers and sun sensors for a nulllbcr  of ycals.
1 matccl  near Wrightwood  California, at an altitude of 7500 feet, ‘J’MO lllaintains and operates sc.vcral  astronomical tclcscopcs.
I’0] tlic  SRLJ sky tests, tllc  liM was mounted “piggyback” on tlm 24” Schl[litl-Casscgrain tclcscol)c. ‘J’lIC ]minting  and
trackinp systc.111 of ttlc tclcscopc  c.nahlcci tbc test oJJcrator to point tl]c SRLJ optical bolcsipbt  at different alcm of tbc sky
contairlin~ stars of various ntagnituclcs  and spectral classes. ‘J’bc tctcscopc  optics Wclc not used clrrring these tests.

‘J’Iw SRU is conttollcd  in flight by tbc A1~C and the SRU Manaxcr Ilmdule of AAH flight software. l(or testing at
‘ l ’ M C ) ,  a  VM1i  tmcd  colllputcr  Systclli,  wittl custolu itltclfacc boalds Silllu]ating  tile }]US cbntio]lc~ ]lllNI[/{)Ut[)Llt ~Jnil

(110011) and Pixc.1 Input Unit (HI-J) circuits of ttlc flight ccnnl]utcr, was usccl  to conttol the SRLJ  and to collect tllc l)ixcl



.
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data. ‘1’IICSC circuits  plovidc  t h e  s a m e  electrical inlcrfacc and da(a p[o[ocml  as [bc flight colllputcr  c i rcu i ts .  ‘1’hc VMfi
conlpulct  was conrwctc.d  via ctbcrnct to a Sun workstation wllcrc  the test software was dcvclopcd  and the test clata was stored.

3.3.2 ‘1’cst I’rocdure

‘I”hc aplmcnt  visual brightness of a star, or its visual Illagnitudc, M,,,, is spccificd by a logarithmic scalc,  based on hunlan
~’ist)~]l l~c~cc.]~tior~.  ”1’tlisvistlal  magl~itudci sthcrcfcrcnccv:  ]lucttlrt( isincludc  dinmost star catalogs. ‘J’hcC~CI)  scnsorln  (1IC
S1{U, bowcvcr,  hns a spccttal  rcslmnsc that is different frorll  tbc human visual response. ‘1’hc peak response of the (:CY> is at
a longer wavclcngtb  than the eye’s peak mponsc. onc  of the objectives of ttlc sky tests, in conjunction wilh  the
simulations, is to dcvclrsp a n~agnitucic. corlcction factor for a set of star spcctrai  classes that can bc used for calculating an
instrunlcnt  ma~nitucle for cac.b  star in the. on-board catalog. q’his S]{(J instrument rnagnitudc  is then used ciuring  the mission
I)y tltc a(tituclc initiali~ation  software M onc of the criteria for idcrltifyiag  stars and for rrm[clliag stars cluring  tracking. ‘1’bc
dctcrlllination  of the instrument magnitude, is mrrclc by collecting a Iargc number of S~U star field irr~agcs, identifying the
stars in the field, measuring tbc signal lCVCI  of tbc stars, and tllcn corrcla(ing  the ctiffcrcncc  bctwcc.n  the mcmured brigtl(ncss
of the skus  and the cataloged brigbtncss  value to a colclr pmunc.tcr  of tlw stfir. ‘1’hc.  parameter typically used is the B-V color
index.

3,3.3 ‘J’cst RcsuJts

A larj:c  nolnbcr of S~lJ  strrr field images wc.rc collcc[cd over several observing nights at “I’M(). ‘1’bc flight software star
identification algorithms were used to identify stars in the irtlagcs and calcalatc the. pointing direction, in tcrllls  of sky
coordinates, of the SRU optical borcsigllt, ‘1’cst software then rc-scalmcd tlIc inmgcs and cxtractcd  additional stars from the
field of vic.w (stars not used for dctmllining the pointin~ dilcction)  and dctcr[l]incd the stars’ rm~nitudc and simctral data f[cnn
a star cfitalog,.  ‘1’hc signal lCVCIS  of tbc stars, as measured by the SI{U, were normalized to account for diffcmces  in exposure
tilnc.s bctwccn the irnagcs. “I”hc instrument rnagnitudc  c)f C:ICII star was tbcn dctcr[nincd using tl]csc nor[nalizcd signal ]CVCIS.
‘1’lic diffcrc.ncc of this instIulncnt  nlagnitudc frolll tbc visual magnitude fro][l  llIc  star catalog versus the B-V color inclcx was
fou ad to hr

M,fl$ = M,,, - 0.59(1! - V). (1)

‘1’llis lmra]Ilctcr  will bc included as an entry in tllc on-board skm catalog 10 comprmsa(c  for tlIc. spcchal response of the SI{[J.
A plot of the r[mgnitL]dc  diffcrcncc versus B-V, based on nmasurctncnts of about 1200 stars, is shown in I’ig. ‘?. ‘1’his
equation provides a goc)d correction of {hc instrurllent niagnitudc over the stellar spectral classes that are used during flight.

-1 0 1 2
II-V Magnitude ((;o]or  ‘1’crlll, ---> Redder Stars)

liig. 7 SRIJ Magnitude lklta VCISUS  B-V
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q’hc stat catalog listings for  the idcmtificd stars also incluclc very accu[a[c mrmu[cmcnts  of (11c  star positions in sky
cool dinalcs. ‘1’hcm catalog positions were compared with the SI{[J nicasLlrcd positions 10 dctcrniinc  tbc caprrbility of the
optical calibration ]mri\ll~ctCr-s  to compensate for distortion in the S}{U optics. Oac of [hc principal contributions to the
optical distortion is spherical  aberration. ‘1’bis distortion would cause  star ilnagcs near the edge of the S~U flc.ld of view to
Imvc. a gI cater mcmurcmcnl  error than ilnagcs close to the optical borcsigl]t, onc  convenient way to intcrImt tt Icsc radial
cmors is to characterize. thcln as a change in optical focal lcng(b as a function of (hc radial dis(ancc from the ccntcr of the ficlcl
of vic.w. A ]JIo1 of this effect is sltown in Fii. 8,
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1 ‘m tlic  tests pcrforuwd at ‘l”MO, t}m application of lhc radial colllpcnsatioa tcrun alorrc, ignoring non-raciiai  optical
distot tion and distortions duc to thermal and chromatic effects, was sufficient to bring (hc ]Ilcasurcmcnt  cnors due. to optical
distoI (ion bc.low the level needed to ]Ilcct the required mcasurcmc.n(  accuracy spccifrcation  of the S~lJ,

4. lhfiAGN lth!U1 /ATION ‘1’11S’1’ A1’I’ROACII

‘J’hc. S~U is controlled in flight by tbc. AACX  flig}lt conlpa(cr running software that reads the CC]) pixel ckrta and
calculates the positions of stars in tt]c SI{U field of view. l’hcsc  staI ]msitiorrs arc tllcn used to dctcnllinc  tbc curlcnt atlituclc
of tim s])acccrafi and to csiimatc the attitude c}langc for the next S1{11 lncasurc[nc.nt  cyc]c. ‘1’hc S]{IJ manage.r sof(warc uses
tlm altitude prc.dic(ions  to reposition IIIC S~lJ  readout windows to iilsure llm( tt)c stars being tIackcd  arc kc.pt within the
window boundaries on the next mc.asu]ctacnt cycle. It is diffrcult  10 cxt}austivc]y  (CS[ the possib]c  interactions bctwccn the
Sl{lJ  tlmnagcr sof[warc and the attitude estimator sofiwarc runnil]g  in the A}:c and bctwccn the software and the Sl{tJ
haldwam without a co]n])]etc  set of star data from all conceivable pointing directions in tllc sky. “lkaditional tests of a(titadc
contlol  systcjns,  with an artificial optical stilaulus  for the slat t[ackc.[ as an c.xalnl)]c,  cannot produce a sufficic.ntly  higtl
fidelity sil)lulrrtion  of the comp}ctc closed loop syslcIn to ptoviclc  coIIfrdcIIcc  in t}lc intcsrity of the soflwarc. ‘1”0 facilitate a
closed loot) siitlulatioa  of d]c. flight sof(wa(c, the S~l.J contains a dcdicatcct  hardware intc.rfacc  that allows a Clilcct  injcc[ion  of
silmlatc.cl  fic.tcls  of view into tllc S~U and subscc]uc.ntly  into tlm ]Jixcl input buffers in the AJJC1. ‘1’hcsc  silnulatcd pixels
lcplacc  d)c I]ixcls  read fro]l)  the CCI)  and proccsscd  by (Ilc. S1{LJ aaalog signal  cilcaits. Sitlcc tllcsc synthetic I)ixcl valocs  can
bc gcacra(cd to rcscmblc real sky data, this test approach allows tl]c. SklJ  to ou[put pixels tc) tbc .41Jc memory which
c[]lula(c  star fields thn! woulcl bc iltlagcd in flight. ‘1’llis SK~J  hardware intc.1  f:icc is conacctcd  to a custoIII  designed bow-d in
(Im AA(X Su~)pLwt  I iquip;nc.nt (SI\).  ‘J’hc boal d storm the syn[hctic  pixel data in a block of nlcIIlory  until it is acccsscd by
ttlc SI<ll. ‘1’his board, along  wit}] tllc vh~li computer that gcmc]a[cs  tlw syntt]ctic l~ixcls,  is known as the ]Illagc  }hnulation
Llnit.



‘1’hc ]Tnagc  simulation Unit (II;U) consists of three main componcrrts: a VMI~ based may proccsscw  cmllputcr,  a block of
static }{AM with the ncccsszrry intmfacc circuits, and intcrfzm  citcuits  that cnab]c  the trmrsfcr of the pixels into the S~U.
‘1’IIc II {LJ processor inclucfcs  a connection to the AA(X S1; whicli  cmblcs  the II+U software to produce a l~igh quality
Icljloduction  of a star ficlcl that woLI]d bc imaged chlling flight. ‘Ibis  S1i intcl-f:icc provides the IIiLJ software with tllc
silllulatcd  pointing ciircction of the S~LJ  botcsight and the S~lJ hmlwarc  ccmfiguration, i.e. window positions, exposure
Iilllc, ~ain setting, etc. ‘1’hc lIiU software locates the stars that would bc visib]c  in the SR[J field of view at ttlc siluula(cd
Ntitudc. i!} a star mtalog,  gcncratcs the pixel valrrcs that would bc gcncratcd  on the CT1) fro]n the incident star signals, adjusts
tlw pixc] values to matc]l the S~LJ  configuration, and finally stoics the synthc.tic pixels in tlic  lI:LJ nmtlory buffer. A
colll])lctc  description of the lIIU software and its intc.rac[ions with tllc S}i software is proviclcd in an acconlpanyirrg  paper by J.
Alexander and 1>, CYIang.s

‘1’hc II llJ l~lc.tlwry buffer is a two megabyte block of static ran) capable of storing onc complctc CTl>  irnagc. I’his buffer
is coupled to the l[~LJ J>loccssor  through a dcdicatcd  VMH  Subsystclll  Hus (VSII) which prevents any other procc.sm  that may
bc. occur! ing in tllc  lI;LJ chassis flom interfering with  pixel tratisfcrs. ~’hc pixel values in ttlc I[;LJ nlclllory  buffer arc
tlansnlitlcd  to the SI{U througl] a set of twelve pa[a]lcl, isolated, diffclential  signal drivers.

‘1’hc I[llJ/S~LJ  link consists of the (WCIVC pixel signals, tinlirrg,  signals frotn  the SKLJ,  and a control line that allows the
S1{LJ electronics to detect if the IELJ connection is present. The con{rol of these signals, along with the VSB bus inlcrface
signals, is achieve.d by cligital circuits imp]csuc.ntcd  in a custom dc.signed frcld programmable gate amiy, ‘1’hc S~U timing
signals callsc the lf;LJ memory buffer address to bc incrcmcntc.cl  for every SltU pixel that would be proccsse.d if the data fro[n
tlw C.C.IJ wcm being read. l’hcsc  SRIJ gcncratcd  signals insure that tl)c timing of the pixc.1 transfers to tbc AF’C nmllory is
identical to tllc timing that would bc seen in flight. The remaining control signal from tbc IIIJ specifics to the SkU  tbiit  the
IlilJ is corlncctc.d and that tllc pixel path frolll the analog circuits should bc in(cr[u})ted and that l[iLJ pixels should sent to the
AIC in place of CT1> pixels. I)isab]ing  this signal removes power from the. IfilJ intcdacc circuits in the. S~U.  ‘1’he. S~LJ
conr)cctor that contains this signal, and all of the If{LJ sign:ils, is not used in flight and thcrcforc the. possibility of
intcrl  option of the CC]) pixels in flight is clitninatcd.

“1’IIc II N.J has bccrr USCCI  cxtcnsivcly  for dc.vc]oplllcnt  of the flight software star identification and tracking algorithms. ‘1’hc
ability to silrlulatc star fjc]d illlagcs fron) tllc SRLJ and sirnul[anc.ous]y access tl]c actual flight hardware interfaces has enabled

the entire software to hc tcstecl as a unit instead of sc.Jm-atc. modules that later would need to bc intcgratccl  together. In
addition, tllc Ili LJ can bc usc.d to introduce faults in[o  ttlc SRLJ outljrrt clata, such as inclcascd  noise Icvcls, high background
signals, or dnnlage.  to the. CKl) from radiation. I’hc  response. of the AACX  fault protcctiorr software to tbcsc  conditions can
bc tc.stcd in a way that would not bc possible without the ItiLJ. ‘1’lm lEIJ has been shown to bc a vc.ry valuab]c  tool in the
dc.vcloplnent, verification and integration of the Cassini at[itudc control systcrrl,

S .  SIJMMARY

‘1’hc results of an cxtcnsivc  and robust S~U test program have stIown that the SI{LJ will behave prcdictrtbly ancl reliably
duting the harsh jourl]cy to and exploration of the Saturnian systctll. l’hc combined cfforl of JI’I, [111(1 ~)(; /laS [M OdLICCd

volur]lcs of pcrforrnancc data that verifies tha( tbc S~LJ pcrforloance  specifications will bc mc.t, “1’wo flight SkUs  have been
successfully ir~tcgratcd on the Cassini spacecraft which is undergoing preparations for systcm IC.VCI  cnvironrlmrrtal testing.
“1’bc I{M and the fti~llt spare S~LJ  will continue to bc used to sul)~)orl AACX+ subsystcm Icvcl testing in the AACS  lntcgla[ed
‘1’cst 1,ab (l”J’l ,) ttlrough ]auncb and during mission operations.

‘1’hc authors would like to thank Iid L)cnnison for his assistance during the sky tests at ‘1’able Mountain Obsc.rvatory  rmd
Jill) Alexander for his help with the data analysis. Chris C!lark CIC.SCI  vcs special kudos for tbc long hollrs sr~cnt  testing <:(:1>s.
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